Shiga toxins (Stxs) are the major virulence factors of Stxproducing Escherichia coli (STEC). STEC strains cause diarrhea and the hemolytic-uremic syndrome (HUS) worldwide (1, 15) . Stxs consist of two major types, Stx1 and Stx2 (19) . The heterogeneity of the Stx2 group has long been appreciated; it consists of Stx2 and its multiple variants, Stx2c, Stx2d, Stx2e, and Stx2f (26, 33, 35, 38) . However, the Stx1 group, especially the toxins from human isolates, now also appears to be a diverse family. We have recently identified an Stx1 variant in STEC isolates of human origin (40) which differed markedly in its amino acid composition from the prototype Stx1 and which was previously found only in STEC isolates from sheep (21) . We designated this variant Stx1c and developed stx 1c -specific PCR and stxB 1 restriction fragment length polymorphism strategies for the identification of the stx 1c allele (40) . Using these approaches, we detected stx 1c in 17.0% of STEC isolates from humans and demonstrated that a prominent feature of stx 1c -harboring STEC isolates was the lack of the intimin-encoding eae gene (40) , suggesting the absence of the locus of enterocyte effacement (LEE) from such strains.
Virulence characteristics, especially adherence mechanisms of LEE-negative STEC strains, are poorly understood. Paton et al. (24) identified a novel adhesin termed Saa (for STEC autoagglutinating adhesin), which is encoded on a megaplasmid of LEE-negative STEC strains of serotypes O113:H21, O91:H21, and O48:H21, which have been identified as causes of outbreaks (23) or sporadic cases of HUS (8, 22) . A cloned saa gene significantly increases the adherence of an E. coli K-12 strain to Hep-2 cells and confers a semilocalized adherence phenotype (24) . At the same time, our group identified and characterized a novel pathogenicity island, called the locus of proteolysis activity (LPA), which is inserted in selC of LEEnegative stx 2d -harboring STEC strains (34) . In addition to the gene encoding E. coli vitamin B 12 receptor (BtuB), the LPA contains two genes, espI and iha, encoding proteins with potential virulence roles (34) . espI encodes a novel serine protease (EspI) which cleaves swine pepsin A and human apolipoprotein A-I, and iha encodes an outer membrane protein that is homologous to Iha (iron-regulated gene A homologue adhesin), identified previously on the tellurite resistance-and adherence-conferring island of E. coli O157:H7 (37) . Moreover, we have recently demonstrated (14) that some members of eae-negative STEC strains of serogroup O128 contain the high-pathogenicity island (HPI) originally identified in pathogenic Yersiniae. The HPI carries the irp (iron-repressible protein) loci involved in the synthesis of the siderophore yersiniabactin, which mediates iron uptake, and the fyuA gene encoding the receptor for yersiniabactin and pesticin (14, 36) .
Although STEC isolates producing Stx1c represent a subset of human STEC strains (40) , the virulence characteristics of such strains are unknown. Therefore, we analyzed Stx1c-producing E. coli strains for a spectrum of potential virulence factors, including the pathogenicity islands and new adhesins identified recently in LEE-negative STEC strains and plasmidencoded genes (enterohemorrhagic E. coli [EHEC] hly, as well as espP and etpD) possessed by LEE-positive STEC strains (4, 13, 41) . We also serotyped the Stx1c-producing STEC strains and investigated the association between the virulence profiles and serotypes of such strains. Moreover, we determined the distribution of the stx 1c allele among eae-negative and eaepositive STEC strains of human origin.
MATERIALS AND METHODS
Bacterial strains. Two hundred and ninety-five STEC isolates (155 eae positive and 140 eae negative) were investigated in this study. The isolates were recovered at the Institute of Hygiene and Microbiology, University of Würzburg, Würz-burg; at the Institute of Hygiene, University Hospital Münster, Münster; and at the Robert Koch Institute, Wernigerode, Germany, during routine diagnostic efforts and epidemiological investigations between 1996 and 2002. The procedures used for the isolation of STEC from stools were described previously (7, 11) . Forty-four of the 155 eae-positive STEC strains were isolated from patients with HUS, 84 were isolated from patients with diarrhea, and 27 were isolated from asymptomatic carriers. Among the 140 eae-negative STEC strains, two originated from HUS patients, 85 originated from patients with diarrhea, and 53 originated from asymptomatic individuals. Thirty-five of the STEC strains investigated in this study were analyzed for stx 1c in a previous study (40) .
Case definition. Patients with diarrhea had three or more watery stools without visible blood per day. HUS was defined as a case of microangiopathic hemolytic anemia (hematocrit, Ͻ30% with peripheral evidence of intravascular hemolysis), thrombocytopenia (platelet count, Ͻ150,000/mm 3 ), and renal insufficiency (a serum creatinine concentration greater than the upper limit of the normal range for the patient's age) (39) . Asymptomatic carriers were apparently healthy individuals without diarrhea.
Phenotypic methods. The STEC isolates were serotyped at the Robert Koch Institute, using antisera against E. coli O antigens 1 to 181 and E. coli H antigens 1 to 56 and a microtiter method (27) adapted from a standard procedure described by Ørskov and Ørskov (20) . Stx1c production was tested using a commercial latex agglutination assay (VTEC-RPLA [verotoxin-producing E. coli reverse passive latex agglutination], Denka Seiken Co., Ltd., Tokyo, Japan) performed as described previously (40) . Fermentation of sorbitol was detected using sorbitol MacConkey agar plates (17) after overnight incubation. The enterohemolytic phenotype was sought using blood agar plates containing 5% defibrinated and washed human erythrocytes and 10 mM CaCl 2 as described earlier (30, 32) .
PCR. PCRs for the detection of putative virulence genes were performed in the iCycler (version 1.259; Bio-Rad, Munich, Germany) or the TGradient 96 cycler (Biometra GmbH, Göttingen, Germany). PCR reagents were purchased from PEQLAB Biotechnologie (Erlangen, Germany), and primers were synthesized by Sigma ARK (Darmstadt, Germany). The 25-l PCR mixture consisted of 2.5 l of bacterial suspension (ca. , which carries the pathogenicity island LPA containing the iha, espI, and btuB genes (34), and strain 3172/97 (O128:H2) containing the irp2 and fyuA genes located within the HPI (14) were used as positive controls in the respective PCRs. Strain 3937/97 (O91:H Ϫ ; saa ϩ ) from our strain collection was used as a positive control in PCR for the detection of saa.
Statistical analysis. The 2 test (6) and Epi-Info version 6.04b (Centers for Disease Control and Prevention, Atlanta, Ga., and World Health Organization, Geneva, Switzerland) were used for calculations. P values of Ͻ0.05 were considered to be significant.
RESULTS
Distribution of stx 1c among eae-positive and eae-negative STEC isolates. One hundred and fifty-five eae-positive and 140 eae-negative STEC isolates that contained members of the stx 1 family, as determined by PCR with primers KS7-KS8, and that produced Stx1, as detected by the latex agglutination assay, were chosen for stx subtyping. These strains belonged to a broad spectrum of serotypes (Table 2) . Altogether, eight stx genotypes were identified ( Table 2 ). The stx 1c allele was found in none of the 155 eae-positive STEC isolates but was present in 76 (54.3%) of the 140 eae-negative STEC isolates (P Ͻ 0.000001). stx 1c was present either alone or in combination with stx 2d . Only in a single strain was it associated with stx 2 and never with stx 1 or stx 2c (Table 2) .
Phenotypic characteristics of stx 1c -harboring STEC strains. The strains containing stx 1c belonged to 22 (Table 3) (Table 3) . Moreover, two strains were not typeable with the O antisera used and four strains autoagglutinated (Table 3 ). Within the serogroups to which isolates of different serotypes that were investigated belonged (O91, O113, O128, O146, O174, O178, and O181) (Table 2), the presence of stx 1c was mostly associated only with specific serotypes (Table 3) . The toxin titers detected with the Stx1 latex reagent in culture filtrates of the 76 strains containing stx 1c ranged from 1:2 to 1:8 (median titer, 1:4). Sixty-five of the 76 Stx1c-producing strains fermented sorbitol. The 11 non-sorbitol-fermenting STEC strains belonged to serotypes O128:H2 (four strains), O174:H8 (two strains), O181:H16 (four strains), and ONT:H2 (one strain) (Table 3) . Fifty-nine (77.6%) of the 76 strains displayed the enterohemolytic phenotype.
Potential virulence determinants of Stx1c-producing E. coli. All but three of the 76 Stx1c-producing E. coli strains (96.1%) contained the STEC autoagglutinating adhesin (saa) gene, mostly (60 strains) in combination with the EHEC-hly gene. Fifty (65.8%) of these 76 isolates carried the pathogenicity island LPA, as evidenced by the presence of each of the three genes, iha, espI, and btuB, which were previously shown to be located on the LPA in combination (34) . Moreover, 16 strains (21.1%) possessed an HPI. Whereas the LPA was usually (in 38 of the 50 LPA-positive strains) present as a sole pathogenicity island, the HPI was found without an LPA in only four strains. Twelve strains (15.8%) contained the HPI together with an LPA. However, more than one-fourth (28.9%) of the 76 eae-negative Stx1c-producing E. coli strains possessed neither LPA nor HPI. None of these 76 STEC isolates carried the espP, etpD, and efa1 genes.
Within the serotypes from which three or more isolates were available, isolates of the same serotype usually displayed more than one combination of virulence characteristics. Identical virulence profiles were observed only in strains of serotypes O5:H Ϫ and O78:H Ϫ (Table 3) . Clinical symptoms and ages of subjects infected with STEC isolates producing Stx1c. Forty-three of the 76 individuals from whom the Stx1c-producing E. coli strains were isolated had uncomplicated diarrhea, and 32 were asymptomatic. A single patient suffered from HUS, and this patient was infected with the only stx 1c -harboring strain in this study that also contained stx 2 (Tables 2 and 3 ). The ages of the subjects infected with the Stx1c-producing STEC strains ranged from 3 months to 72 years (median age, 23.5 years). (18) .
f Regions 113 to 1068, 4812 to 5324, and 6514 to 7180 of the efal gene (9) were targeted with the primer pairs E643f-E1598r (efa-1), E5242-E5854r (efa-2), and E7044f-E7710r (efa-3), respectively.
DISCUSSION
In this study, we subtyped stx genes in 295 STEC strains isolated from humans during the last 7 years. These strains were selected because of their positive results in PCR with primers KS7 and KS8, which detect a conserved region of both stx 1 and stx 1c B subunit genes. Therefore, these strains do not represent the whole spectrum of the stx genotypes present in STEC strains isolated in our laboratories (7) . Specifically, all STEC strains containing stx 2 or stx 2 variants as sole stx alleles were not included in the analysis. We could demonstrate that Stx1c-producing E. coli strains represent a significant subset of eae-negative STEC strains isolated from humans but are absent from eae-positive STEC strains. Stx1c-producing E. coli strains belonged to a broad spectrum of serotypes. Characterization of these strains revealed that they had some potential virulence determinants in common. Ninety-seven percent of the isolates possessed the saa gene encoding the STEC autoagglutinating adhesin, and most of them also produced the EHEC hemolysin, which is an important cytolysin (30) . In addition, 65.8% of the 76 Stx1c-producing E. coli isolates possessed a recently identified pathogenicity island called the LPA (34) . Moreover, the HPI, which was previously identified in STEC strains of serogroups O26 and O128 (14) and which is common in extraintestinal E. coli strains (36), was found in Stx1c-producing E. coli strains of six serotypes, demonstrating that it is more widely distributed among STEC strains than was previously shown. Each of the Stx1c-producing E. coli strains lacked the eae gene encoding intimin, which is typical for STEC O157 strains and non-O157 STEC strains that are associated with bloody diarrhea and HUS (2) . However, despite the absence of eae, which was used as a marker for the LEE in this study, the majority of the Stx1c-producing E. coli strains possess genes encoding one or two additional putative adhesins identified recently in LEE-negative STEC strains pathogenic for humans, including Saa (24) and the Iha homologue located within the pathogenicity island LPA (34) .
The original identification of saa in a LEE-negative O113: H21 STEC strain which caused an HUS cluster in Australia (23) , and its discovery in several other LEE-negative STEC strains isolated in sporadic cases of HUS (24) or bloody diarrhea (25) , led to the hypothesis that saa may be a marker for a subgroup of LEE-negative STEC strains capable of causing severe gastrointestinal or systemic disease in humans (25) . However, we demonstrated in this study that saa is nearly ubiquitous among STEC strains producing Stx1c, which are mostly associated with mild diarrhea or asymptomatic carriage. This suggests that the presence of saa itself cannot be considered to be a predictor that LEE-negative STEC strains will cause a severe disease. Rather, additional virulence characteristics, such as the Stx type or other, as yet unknown virulence loci, may contribute to the ability of LEE-negative STEC strains containing saa to cause HUS. Along these lines, it is worth noting that the HUS-associated, saa-positive STEC isolates investigated by Paton et al. (24) produced either a toxin closely related to classical Stx2 (23) , which has been demonstrated to be a risk factor for HUS development (2, 7), or the mucus-activatable Stx (18) , which confers high virulence on STEC strains in a streptomycin-treated-mouse model (18) . In contrast, the STEC strains in which saa and Stx1c were found were never isolated from patients with HUS in our study. Actually, the only stx 1c -harboring STEC strain that was isolated from an HUS patient did not possess saa and contained stx 2 as an additional toxin gene. Also, we did not identify stx 1c in any of four LEE-negative STEC strains of serotype O91:H21, which has been reported to be associated with HUS (8, 24) .
The data reported in this study have important practical implications. Although STEC strains harboring stx 1c , either alone or in combination with stx 2d , are frequently detected in stools from patients with diarrhea or asymptomatic carriers, we have not detected such strains among isolates from patients with HUS. Whether it is the stx 1c allele or the lack of another virulence determinant, such as eae, which underlies a milder disease is presently unknown. However, the detection of Stx1c might offer a marker to identify STEC strains that cause milder disease. Because of the inability of the presently available immunoassays to differentiate between Stx1 and Stx1c, there is also a need for the development of an Stx1c-specific commercial immunoassay. Such an assay would provide a simple tool for the identification of Stx1c in primary stool cultures and from single colonies, allowing investigations of the relationship between Stx1c production and the clinical course of infection in prospective studies. Such studies are necessary to verify the association of Stx1c-producing STEC strains with mild disease, as found in the present study and in previous studies (16, 40) .
Different combinations of phenotypic and genetic characteristics were observed among the stx 1c -harboring strains investigated. These combinations enabled us to subtype strains within the same serotype, and they form a basis for the subtyping of such strains in epidemiological studies. Such subtyping, applied during an outbreak, enables identification of the source of the infection and tracing of the spread of an Stx1c-producing outbreak strain throughout the epidemiological chain. Moreover, subtyping of stx 1c -harboring STEC strains isolated from sheep, which have been proposed to be the most probable reservoirs of these strains (16, 40) , and their comparison with human isolates shed light on this species in the epidemiology of human infections caused by Stx1c-producing STEC strains. Such an approach could also contribute to clarifying the sources of such strains and infection routes.
In conclusion, we have demonstrated the significance of the phenotypic and genetic heterogeneity of Stx1c-producing STEC strains for the subtyping of such strains in epidemiological and clinical studies. Our data also warrant the investigation of the roles of the LPA and Saa in the pathogenesis of infections caused by these strains. We thank Phillip I. Tarr (Washington University School of Medicine, St. Louis, Mo.) for critical reading of the manuscript and helpful discussions. 
